Turn-milling is a relatively new machining process technology offering important advantages such as increased productivity, reduced tool wear and better surface finish. Because two conventional cutting processes turning and milling are combined in turn-milling, there are many parameters that affect the process making their optimal selection challenging. Optimization studies performed on turn-milling processes are very limited and consider one objective at a time. In this work, orthogonal turn-milling is considered where spindle and work rotational speeds, tool-work eccentricity, depth of cut and feed per revolution are selected as process parameters. The effects of each parameter on tool wear, surface roughness, circularity, material removal rate (MRR) and cutting forces were investigated through process model based simulations and experiments carried out on a multi-tasking CNC machine tool. The results are used to select process parameters through multi-objective optimization.
Introduction
Turn-milling is a promising method for machining of cylindrical and non-coaxial (eccentric) parts with improved productivity. This method consists of turning and milling operations. Essentially it is a turning operation carried out using a milling cutter. In turn-milling cutting tool and work piece rotate around their own axes simultaneously. Due to these special aspects of the turn-milling offers several advantages. First of all, due to rotational movements of both tool and work piece, high cutting speed can be achieved in turn-milling operations. This is an important advantage particularly for parts with large diameter which cannot be rotated at high speeds. Furthermore, because of the interrupted cutting in turn milling, chips are broken and cutting temperature reduces which in turn decreases tool wear and increases tool life. Additionally high surface quality and low cutting forces are obtained due to lower cutting temperatures which make higher cutting speeds possible and produce smaller chips [1, 2] .
At the end of the 1800s Tilghman [3] used milling cutter instead of turning tool to reduce temperature at the contact zone. Academic studies on turn-milling, on the other hand, started in 1990s. Schulz et al. [4] stated that by integrating conventional turning and milling machine tools with each other in the creation of new machine tools, in particular setup time is reduced and it is possible to shorten production time and reduce costs. Schulz [5] divided turn-milling operations into two groups: orthogonal and co-axial. In the study, plain bearing half liners are machined and it is showed that better surface roughness is achieved in comparison to turning operation. In another study of Schulz [6] kinematic conditions and its influence on the tool wear and surface roughness are handled.
Recent studies on turn-milling have mostly focused on experimental investigation of the surface quality. Kopac and Pogacnik [7] investigated effects of tool position according to the work piece and vibrations on the surface quality. In same study, they indicated eccentricity effect on surface roughness in orthogonal turn-milling. Choudhury et al. [8] studied effects of spindle speed and feed rate for different work piece materials for orthogonal turn-milling and compared the surface roughness with those obtained by conventional turning. They claim that 10 times better surface quality can be achieved by turn-milling compared to turning. In a later study, Choudhury et al. [9] continued their work on the surface roughness in orthogonal turn-milling this time including effects of work piece rotational speed, cutter diameter and depth of cut. They indicated that the surface roughness in turn-milling is also better than the conventional milling. Neagu et al. [10] researched the kinematics of orthogonal turn-milling based on circularity, cutting speed and tool geometry. As a conclusion they claimed that turn-milling can achieve up to 20 times higher productivity than turning. Savas and Ozay [11] investigated effects of cutting parameters on the surface roughness in tangential turn-milling developing a new method. As a result of their studies, they observed that the obtained surface roughness is close to the grinding quality. Filho [12] studied orthogonal turn-milling by using a five axis machining center to measure cutting forces and compared them with the analytical model predictions. Cai et al. [13] carried out orthogonal turn-milling experiments with different machining parameters and obtained conclusions about cutter wear and work piece roughness. Zhu et al. [14] described surface topography in orthogonal turn-milling, and proposed mathematical models to describe theoretical surface roughness and topography of rotationally symmetrical work piece.
Optimization studies on turn-milling started with Pogacnik and Kopac [15] . This experimental study presents guidelines on how to avoid dynamic instability by using optimum entryexit conditions which can be achieved through a proper set-up of the process parameters. As a result, they proposed a decision diagram. Savas and Ozay [16] performed a study of cutting parameter optimization to minimize surface roughness in tangential turn-milling process using genetic algorithm based on experimental results.
The objective of the present study is determination of optimal orthogonal turn-milling ( Fig. 1) parameters by using multi-objective optimization. Spindle and work rotational speed, eccentricity, depth of cut and axial feed are selected as process parameters. In order to optimize these parameters, minimum surface roughness and cutting force and maximum tool life, circularity and material removal rate (MRR) are selected as the objectives. Values of optimum objective functions and parameters for each generation were found. Different cases are investigated for making comparison.
In the analysis, tool life and machined part quality are formulated including eccentricity effects with the aid of experiments. Finally, suggestions on selection of optimal turnmilling process conditions are summarized. 
Process geometry and parameters
Turn-milling has a complex geometry due to rotational motions of both cutting tool and work piece. Fig. 2 illustrates the geometry of orthogonal turn-milling and the parameters in the process. As shown in Fig. 1 tool and work piece rotate with speeds of nt and nw respectively where their ratio, nt/nw, is defined as rn. In addition, there are two different feeds in turn-milling; fz is the feed per tooth which is in the circumferential direction whereas ae is the feed per revolution in the axial direction as can be seen in Fig. 2 . Eccentricity is one of the special parameters in orthogonal turn-milling. Fig. 3 shows concentric and eccentric forms of orthogonal turn milling. Eccentricity in orthogonal turnmilling causes changes in chip formation whereas eccentricity increases only side of the cutting tool is involved in the chip formation. 
Objectives of the process
In this section objectives to be optimized are defined and their mathematical expressions are shown.
Tool wear and tool life
Tool life T, improvement is crucial to reduce the cost of production. Cutting tools have a limited life due to inevitable wear and consequent failure, and ways must be found to increase tool life. Cutting tools fail either by gradual or progressive wear on cutting edges or due to chipping or plastic deformation [17] . Generally a tool wear criteria is defined as a threshold value of the tool life.
Parameters, which affect the rate of tool wear in turnmilling are as follows [2] ; cutting conditions (cutting speed V, eccentricity e, and depth of cut ap) cutting tool geometry work material cooling conditions (dry, with fluid or MQL)
It is well known that from these parameters, cutting speed is the most important one for tool life [18] . As cutting speed is increased, wear rate also increases, so the same wear criterion is reached in less time. Taylor [18] approximated this by the following well-known equation:
where n and C are constants whose values depend on cutting conditions, work and tool materials, and tool geometry. These constants are determined for our case and results are given in section 5. As can be seen from the equation there is no eccentricity effect for tool life, to include this effect some experiments were carried on. Effect of the eccentricity is expressed and added to tool life formula as a function:
Surface roughness
The quality of machined surface is characterized by the accuracy of its manufacture with respect to the dimensions specified by the designer. Every machining operation leaves some characteristic marks on the machined surface. This pattern is known as surface finish or surface roughness.
Surface roughness is a widely used index of product quality and in most cases there is a technical requirement for products. Achieving the desired surface quality is of great importance for the functional behavior of a part.
For orthogonal turn-milling operation theoretical surface roughness is defined [14] as follows:
where Rt radius of tool (mm), nw work piece rotational speed (rpm), ae axial feed (mm/rev), Rw radius of work piece (mm), ap depth of cut (mm), z number of teeth, nt spindle speed (rpm) and f(e) function of eccentricity.
Circularity
In turn-milling process, since cutting tool and work piece rotate simultaneously, it is not possible to produce an ideal circle and the resulting machined part cross section is a polygon as shown in Fig. 4 . Polygon vertices create deviation from ideal circle causing circularity error. The difference between the desired and the machined shapes can be denoted as OB-OA. The definition of circularity error, Ce for orthogonal and tangential cases can be derived from the geometry as follows [1] :
This expression represents circularity affected by work piece diameter, work piece rotational speed, number of teeth and spindle speed.
Material removal rate (MRR)
MRR is the volume of material removed per minute. High MRR is possible in turn-milling but it may cause increased form errors in finishing.
In turn-milling operations MRR [mm 3 /min] can be calculated as [19] :
where Vf is feed speed;
Cutting forces
In orthogonal turn-milling, Karaguzel [1] developed and simulated cutting forces by oblique transformation of orthogonal cutting data and the chip thickness expressions. Turn-milling forces can be determined by dividing the uncut chip into elements within the cutting zone. Tangential (dFt, j), radial (dFr, j), and axial (dFa, j) forces acting on a differential flute element with height dz are expressed as follows [20, 21] :
In this study, a simulation program developed based on proposed cutting force model is used when minimizing peak resultant cutting force.
Methodology
Most real-world search and optimization problems are naturally posed as multi-objective optimization problems. In this study as well a multi-objective optimization technique is used.
A multi-objective optimization problem has a number of objective functions which are to be minimized or maximized. Multi-objective optimization has been applied in many fields of science, engineering, economics and logistics where optimal decisions need to be taken in the presence of tradeoffs. For a nontrivial multi-objective optimization problem, there does not exist a single solution that simultaneously optimizes each objective. In that case, the objective functions are said to be conflicting, and there exists a (possibly infinite number of) Pareto optimal solutions. A solution is called nondominated, Pareto optimal, Pareto efficient or non-inferior, if none of the objective functions can be improved in value without degrading some of the other objective values [22] . In the following, multi-objective optimization problem is defined in its general form [23] :
A solution x is a vector of n decision variables: x = (x1,x2,…,xn)
T . gj(x) and hk(x) are constraints which any feasible solution must satisfy. The last set of constraints are called variable bounds, restricting each decision variable xi to take a value within a lower xi (L) and an upper xi (U) bound. Researchers study multi-objective optimization problems from different viewpoints and, thus, there exist different solution philosophies and goals when setting and solving them.
In this study, multi-objective genetic algorithm was used to solve multi-objective optimization problem by identifying the Pareto front (Pareto surface) that is the set of evenly distributed in other words non-dominated optimal solutions.
Genetic algorithm (GA) is commonly used to construct search algorithms that are robust and require minimal problem information. So, application of GA to optimization problems is rather easy compared to classical methods and other evolutionary algorithms. The working principle of GAs is very different from that of most traditional optimization techniques. GAs work with a population of solution instead of a single solution and they do not require any auxiliary information except the objective function values [23] .
MATLAB global optimization toolbox [24] and multiobjective optimization solver were used to employ the optimization. The solver attempts to create a set of Pareto optima for a multi-objective minimization using genetic algorithm. The MATLAB code requires information on objective functions and the boundary of the variables.
Experiments
In this study experiments were conducted to determine C and n constants numerically. Additionally, a detailed survey has been carried out to find out how eccentricity affects tool life and surface roughness.
Experiments on orthogonal turn-milling were carried out on Mori Seiki NTX 2000 Multi-Tasking Machine. Cylindrical work piece of SAE 1050 steel of 100 mm diameter and 150 mm length were fixed between three jaw universal chucks.
In turn-milling experiments a 50 mm Seco QuattroMill® 220.53-0050-12-4A milling tool with four cutting teeth was used with CVD coated MP2500 grade (Fig. 5) inserts which are recommended for high speed machining of steel. Experimental setup can be seen in Fig. 6 . Experiments were performed under dry cutting condition. Tool flank wear was measured by NanoFocus μsurf surface metrology system where surface finish was determined using MITUTOYO SJ 301 surf test instrument. 
Tool life experiments
Firstly, for the selected work-tool materials and the tool geometry, C and n constants were identified. In order to do this orthogonal turn-milling experiment were carried out at two different cutting speeds. Result can be seen in Fig. 7 . C and n values were identified as 1756 and 2.6, respectively. After this, experimental data shown in Fig. 8 were used to take the eccentricity effect into consideration. As shown in the Fig. 8, after (8) As it can be seen from Fig. 8 , the tool life increases with the eccentricity up a certain point after which the tool wears faster since there is not always a contact with the work piece [5] . Thus, after a certain eccentricity value vibrations start and the tool life become smaller.
Surface roughness experiments
As mentioned before for orthogonal turn-milling process the theoretical surface roughness expression that is defined by Zhu et al. [14] does include eccentricity effect. However, our experiments have shown that surface roughness changes with eccentricity as expected. In Fig. 9 variation of the surface roughness, Ra with eccentricity can be seen. Fig. 9 . Effect of eccentricity over the surface roughness in orthogonal turnmilling.
As it can be seen from the graph in order to reduce surface roughness, eccentricity should be increased as much as possible. In order to express this mathematically with curve fitting another term can be added to existing surface roughness relation given by Equation 3 as follows: 
Optimization of orthogonal turn-milling process
In order to be able to apply turn-milling process effectively process parameters should be selected properly. Thus, T, Ra, Ce, MRR and F which have many variables should be considered in the optimization procedure. Firstly, mathematical models were defined for circularity and MRR, also it is observed that there is no eccentricity effects over them directly. Then, tool life and surface roughness were expressed with the aid of experimental data. Investigations were performed to determine optimum five independent variables: spindle speed (nt), work piece rotational speed (nw), eccentricity (e), depth of cut (ap) and axial feed (ae). Preliminary tests were carried out to determine suitable parameter ranges. In Table 1 decision variables, their boundaries and system parameters are given. Cutting speed range is selected as 250 m/min to 360 m/min which are recommended values in face milling of 1050 steel. Axial feed was varied between 2 and 30 mm/rev but it should be remembered that due to process geometry the maximum value that can be selected depends on the eccentricity. For instance when eccentricity is zero axial feed rate should not be more than 4 mm/rev (length of the cutting edge) in order to not to leave uncut material on the part. Maximum selectable axial feed values can be computed according to eccentricity [12, 15] . Besides it should not be forgotten that in high eccentricity value and axial feed rate cusp height form error may arise [2] .
The diameter of work piece and tool, number of teeth, cooling condition, work piece and tool materials are taken as invariable parameters. Work piece diameter changes in every pass, but to simplify it was assumed to remain constant as equal to the average work piece diameter.
There
are five objective functions f(x) = (f1(x), f2(x), f3(x), f4(x), f5(x))
T considered in the above formulation. Each objective function can be either minimized or maximized. In the context of optimization, it can be converted a maximization problem into a minimization one by multiplying the objective function by -1 as a principle of duality [25] . Since tool life and MRR are desired to maximize they have to be multiplied by -1 in our case. In this study population size of 150, selection method of tournament, mutation method of adaptive feasible, crossover method of two point and stopping criteria of 2000 generations selected as genetic algorithm parameters.
When multiple conflicting objectives are important, there cannot be a single optimum solution which simultaneously optimizes all objectives. The resulting outcome is a set of optimal solutions with a varying degree of objective values [23] . In turn-milling process optimization, same situation emerges. Changing spindle speed effects tool wear and circularity error in different way or changing depth of cut effects MRR and cutting forces differently. As bottom line there is no one solution that is enhance all the objectives so there must be a large number of optimal cutting parameters set.
In our problem multi-objective optimization algorithm requires us to classify the entire population into various nondominated levels to determine optimal solutions. For this Table 2 . Pareto optimal solutions (objectives) and correspondence cutting parameters values.
Objectives
Optimal cutting parameters 
purpose non-dominated sorting GA (i.e., NSGA-II) [26] had been used to obtain the Pareto-optimal front of solutions. NSGA-II is an extension of the Genetic Algorithm for multiple objective function optimization and it is applied to our problem to improve the adaptive fit of a population of candidate solutions to a Pareto front constrained by tool wear, surface roughness, circularity error, MRR and cutting forces. The Pareto optimal front is defined as the point cloud of all optimal solutions obtained after putting different weights on objectives artificially. The population is sorted into a hierarchy of sub-populations based on the ordering of Pareto dominance. The best non-dominated solutions are called nondominated solutions of level 1. In order to find solutions for the next level of non-domination, there is a simple procedure which is followed. Once the best non-dominated set is identified they are temporarily disregarded from the population. The non-dominated solutions of the remaining populations are then found and are called non-dominated solutions of level 2. In order to find the non-dominated solutions of level 3, all non-dominated solutions of levels 1 and 2 are disregarded and new non-dominated solutions are found. This procedure is continued until all populations members are classified into a non-dominated level. The working cycle of NSGA-II is explained through a few steps given below [27]:
1. The initial population is generated randomly based on the ranges of variables of the problem. 2. The initialized population is then sorted based on nondomination into a few fronts. 3. Each individual of every front is assigned a rank (fitness) and a crowding distance value. Individuals in the first front are given a fitness value of 1 and individuals in second front are assigned fitness value of 2, and so on. Crowding distance is calculated for each individual as a measure of how close an individual is to its neighbors. 4. Parents are selected from the population using binary tournament selection based on rank and crowding distance. 5. The selected population generates offspring through crossover and mutation operations. 6. The solutions in current population and current offspring are sorted again based on non-domination and only the best individuals are selected. The selection is based on the rank and crowding distance on the last front.
With this approach Pareto optimal solutions were found after running simulations. A large number of optimal solutions lying on the obtained Pareto front are available to the user. A few of them are given in Table 2 .
All of the presented solutions are non-dominated that is to say they all satisfy optimization criteria. Of these solutions any quinary of solutions can be compared with respect to five objectives. Superiority of one over the other cannot be established with five objectives in mind. So, decision maker should first evaluate objectives value in the Table 2 and he/she could choose one of the case which is best suited his/her demands (i.e. according to importance of the objectives). After determining the proper case, relative cutting parameters can be found from right hand side of the Table 2 , at the end they are selected to be used in cutting process.
For example; for roughing operation longer tool life and higher MRR are desired, hence, case 1 or case 8 can be selected for this operation. For the semi-finishing operation priority of all objectives are considered closely to each other, case 11 or case 12 can be taken as sample case of semifinishing operation. If the finishing operation are considered, surface roughness and circularity error of the machined part must be as small as possible. Thus, parameters of case 2 or case 15 can be selected for finishing process.
Boundary of the objective function value observed in the obtained non-dominated solutions can be found in Table 3 . Without optimization study, decision maker would have to select cutting parameters randomly within decision space. In that case process will not be effective. To understand importance of optimization, one of the non-dominated set of solution (case 1) would be compared with selected random values of cutting parameters (case 2). Comparison of this can be seen in Table 4 . Table 4 . Comparison of optimal and non-optimal solutions.
All objectives of second case were dominated by the first one. In other words generated cutting parameters in case 1 gave better result considering tool life, surface roughness, circularity error, MRR and cutting force. According to results in Table 4 , if user select the process parameters among one of the non-dominated solutions i.e. for this comparison when case 1 is selected instead of case 2:
Tool life and MRR could be increased by 30% and 4%, Surface roughness, circularity error and resultant cutting force could be decreased by 130%, 17% and 5% for this circumstance respectively.
Note that this comparison can be made between all infinite number of non-dominated and dominated solutions. So in that case percentage of the improvements will be more or less different in every comparison, but in here principally important thing to be realized is simultaneously improving all the objectives is possible when optimization is generated and non-dominated solutions are selected.
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Conclusions
As a result, if proper parameters are selected turn-milling process can provide great advantages. Optimization of orthogonal turn-milling process is a multi-objective problem and it is solved with using genetic algorithm and obtained results are given. In this problem because objectives are conflicting each other e.g. if spindle speed is increased tool life getting worse, however, surface roughness, circularity error, cutting forces are improved, there is no point (solution) that will simultaneously optimizes all objectives at once. Among Pareto optimal solutions one should be selected as cutting parameters of the process. The following conclusions can be drawn from this study:
For orthogonal turn-milling process tool life, surface roughness, circularity error and MRR were expressed mathematically to use as objective functions.
Maximum tool life, minimum surface roughness, circularity error, maximum MRR and minimum cutting force were obtained from Table 2 in case 1, case 2, case 3, case 8 and case 5 respectively. Table 4 shows that it is possible to improve all objectives with generating optimization instead of selecting cutting parameters randomly.
As expected, the tool life is most affected by the cutting speed. However, eccentricity should be chosen close to the optimal value as much as possible.
For a good surface roughness and circularity, speed ratio (nt/nw) should be kept as high as possible. When the part diameter to be machined is larger, obtained roughness and circularity error increase.
High MRR is possible by increasing work piece rotational speed and diameter, and selecting high depth of cut and axial feed.
Cutting forces primarily depend on the chip geometry, depth of cut and axial feed should be kept as low as possible for smaller forces.
The results indicate that the proposed approach for solving the multi-objective optimization problem with conflicting objectives is effective and efficient, and can provide insight in production planning for multi-parameter orthogonal turnmilling processes.
